Abstract: This paper reports the realization of a closed-loop feedback system, which consists of a spatial light modulator controlled by the holographic tandem method, for adaptive far-field flattop beam shaping. The holographic tandem method iteratively adjusts the phase distributions to be written into the two different regions of a spatial light modulator so that the Gaussian beam can be converted into an annular flattop beam for better uniformity. The technique described in this paper can provide a promising convenient way to create the desired flattop intensity profile of a beam on a focal plane, which could be applied in applications involving laser fusion and laser precision machining.
Introduction
It is always an old but important topic to develop a technique for tailoring a Gaussian laser beam into a target beam [1] - [4] . A beam with variable shape, diameter, and desired intensity profile [5] , [6] is especially beneficial to applications including laser fusion [7] , [8] , laser precision machining [9] , [10] , and ultra-cold atom trapping [11] , [12] , etc. As is well known, computer generated holograms (CGHs) with spatial light modulator (SLM) were first realized in the 1970s, which made dynamic beam steering and manipulating possible [13] , [14] . It has recently become a welcome optical technology for laser beam shaping as well [5] - [11] , because a phase-only spatial light modulator, acting as a dynamically programmable phase diffractive optical element (DOE), is an ideal candidate for flexible beam shaping, and it cuts costs from avoiding processing the DOEs for desired beam shaping.
The key issue of the optical technology for far-field flattop beam shaping is how to obtain a solution for adaptively converting a Gaussian beam into a desired flattop beam with high uniformity and good steep edge. There are several reports on adaptive flattop beam shaping using a spatial light modulator, which makes contributions on this particular aspect. For example, a beam profile shaping scheme with deformable mirrors controlled by simulated annealing algorithm is reported [15] . An annular flattop beam shaping technique with dual phase only liquid crystal spatial light modulators (LC-SLMs) based on the refractive laser beam shaping scheme has been demonstrated [7] . A generation of a near-field annular flattop beam using dual SLMs based on a stochastic parallel gradient descent algorithm is presented in [8] . In our previous work, an adaptive weight FFT-based iterative algorithm (AWFFT-IA) is designed and proposed for the far-field flat-top beam shaping [5] . Then, we investigated and compared the Gerchberg-Saxton (GS), Generalized Adaptive-Additive (GAA), GS algorithm with weight coefficients (GSW), AWFFT-IA, and Mixed-Region Amplitude Freedom (MRAF) method for holographic beam shaping [6] , [16] , and the AWFFT-IA method, which was the one with the best performance, was chosen to control a LC-SLM for flattop beam shaping. The created beam has serious speckles and the root mean square error (RMSE) value is over 20% which indicates that the intensity profile of the created beam has large fluctuations. Then, Shoham et al.'s similar method is applied for the speckles suppression of the laser beam shaping, the uniformity of the created beam is somewhat improved, however, the RMSE value is still more than 10% [6] . The shaping result is still not satisfactory and this might be because these methods use only one optimal degree of freedom to produce a phase distribution, and the produced phase distribution from the iterations of each method has randomness. As is known from [17] , the far-field diffraction of a random phase screen inevitably has speckles. Therefore, it is obvious that the GS, GAA, GSW, AWFFT-IA, or MRAF method for laser beam shaping could not avoid suffering from speckles. In addition, some other defects of the SLM device also influence uniformity of the created beam. Thus, controlling the problems at the percent level to experimentally achieve a high accuracy is challenging, as predicted by Pasienski and DeMarco [12] .
Therefore, the holographic tandem method based on GAA algorithm is proposed to improve the uniformity of the intensity profile [16] . The holographic tandem method uses two optimal degrees of freedom to produce phase distributions, which is similar to the methods [18] , [19] , but the difference between them is that the holographic tandem method is based on the projection optimization idea from the GAA algorithm. In [16] , simulations of performance of the holographic tandem method based on GAA algorithm for laser beam shaping have been done, which suggests that it can achieve better uniformity of a created beam profile than do the methods in [18] and [19] .
Here, we use physical devices to achieve the iterative process of the holographic tandem method based on GAA algorithm for laser beam shaping, and a closed loop feedback beam shaping system, controlled by the holographic tandem method based on GAA algorithm, is used for adaptive flattop beam generation in far field with better uniformity of the beam profile. The holographic tandem method iteratively adjusts the phase distributions to be written into the two different regions of a spatial light modulator to reduce the variance between the desired and actually obtained beam profiles on the CCD camera.
The paper is organized as follows. In Section 2, the working principle of the adaptive far-field flattop beam shaping system and the calculation process of the holographic tandem method are explained. In Section 3, the experimental configuration is described. In Section 4, experimental results and discussion are given. Finally, a summary is made in Section 5.
Principle of the Far-Field Beam Shaping Method
In this paper, the principle of the far-field beam shaping method is based on the Bartelt's tandem diffractive optical elements (DOEs) configuration [18] , which is capable of achieving a theoretical light efficiency of almost 100%. As inspired by Bartelt's configuration, the two SLMs should be located in the two conjugate focal planes of the first lens, the target plane and SLM2 should be located in the conjugate focal planes of the second lens, and the two lenses should make a 4f system, as shown in Fig. 1 . In order to obtain the highest possible light efficiency, the two SLMs should be both phase-only SLMs.
In the case of laser beam shaping, typically, only the amplitude of the optical field is of interest and the phase of the optical field is set to be uniform over the cross section. Here, we allow both to be functions of the transverse coordinates x and y as
where V T ðx ; y Þ is the phasor of the optical field, and jV T ðx ; y Þj and ðx ; y Þ are the amplitude and phase of the target beam, respectively. The phasor of the optical field V T ðx ; y Þ in the target plane is determined by the phasor of the optical field Sð; Þ in the Fourier plane, which is just the optical field leaving the SLM2. Therefore Sð; Þ is given by the inverse fast Fourier transformation (IFFT) of the phasor V T ðx ; y Þ, and it can be expressed as
where jSð; Þjand 'ð; Þ are the amplitude and phase of the phasor of the optical field Sð; Þ,respectively. The amplitude jSð; Þj of the phasor Sð; Þ can be generated by SLM1, written into a phase distribution 1;k ðu; v Þ, which can be calculated by using the GS phase retrieval algorithm [19] . Here, the improved GAA phase retrieval algorithm [16] , [20] was used to create the phase distribution 1;k ðu; v Þ for achieving better uniformity of the shaped beam. The phase 'ð; Þ of the optical field Sð; Þ can be determined by SLM2. After k iterations of the GAA algorithm, a phasor of the optical field in front of SLM2 is produced, which can be expressed as
where A g ðu; v Þ is the amplitude of the input Gaussian beam, 1;k À1 ðu; v Þ is the phase distribution on SLM1 created from the k À 1 iterations of the GAA algorithm. Then, the amplitude jS k ð; Þj of the field S k ð; Þ is almost approximated to the amplitude jSð; Þj of the field Sð; Þ, and at the same time, the phase È 2;k ð; Þ of the field S k ð; Þ is available as a byproduct during the iterations. In order to obtain the phase 'ð; Þ of the field Sð; Þ outgoing from SLM2, a phase ð; Þ should be calculated using the expression as follows:
and then, the phase distribution ð; Þ is written into the SLM2, which serves as a phase compensation component. Once SLM1 and SLM2 are set to the proper phase distributions, the output beam V k ðx ; y Þ in the target plane is approximately equal to the target light field V T ðx ; y Þ, and it can be expressed as
Finally, the desired intensity profile of the output beam is given as jV k ðx ; y Þj 2 % jV T ðx ; y Þj 2 in the target plane. In order for qualitatively characterizing the performance of the laser beam shaping technique, the measures of RMSE and diffractive efficiency (DE) are respectively used to evaluate the uniformity and efficiency of the output beam's intensity profile jV k ðx ; y Þj 2 , a lower RMSE indicates better uniformity, and a higher DE indicates better efficiency. Their expressions are as follows:
where, jV k ðx ; y Þj 2 is the intensity profile of the output beam, jV T ðx ; y Þj 2 is the intensity profile of the target beam, i ¼ 1; 2; . . . ; N are the points in target region, and jP total j is the measured total power of input Gaussian beam passing through the attenuator.
Experimental Configuration
The adaptive far-field beam shaping system is schematically shown in Fig. 2 and consists of a phase-only liquid crystal spatial light modulator (POLC-SLM, BSN Corp. HSP-DM512-635). The SLM has an active area of approximately 7:68 Â 7:68 mm 2 with 512 Â 512 pixels (each pixel measures 15 Â 15 m 2 , 1200 linear levels for 2 phase stroke, reflected wave-front distortion =6, light utilization diffraction efficiency 93%). In order to realize the concept described in Section 2 with a single POLC-SLM, the SLM was divided into two regions and each one had 256 Â 256 pixels and was set to implement the phase distribution 1;k ðu; v Þ and ð; Þ using the holographic tandem iterative method [16] . Using this method, each region of the SLM can retard the incident wave-front as expected. A passive half wave-plate is applied to produce the desired polarization alignment, guaranteeing the SLM to be in phase-only modulation and for adjusting the intensity of the incident light a variable optical attenuator is placed behind it. In order to avoid the zeroth diffraction order mainly caused by the unmodulated part of the SLM, a 7 pixel sawtooth blazed grating phase distributions is displayed on the POLC-SLM and the diffraction efficiency of the first diffraction order is averagely about 77.4% (maximum value is 81.4%).
A 3.4 mm-expanded Gaussian beam from a HeNe laser ð ¼ 632:8 nmÞ incidents onto the square region of POLC-SLM with 256 Â 256 pixels, on which the phase distribution 1;k ðu; v Þ is displayed; then, the first diffraction light is reflected back onto the other square region of POLC-SLM with 256 Â 256 pixels, on which the phase distribution ð; Þ is displayed, by a slightly tilted concave spherical mirror ðf ¼ 500 mmÞ with an optical Fourier transformation function. Then, the second diffraction light passes through Fourier lens ðf ¼ 500 mmÞ, the intensity profile 2 ) and a 14-bit Analog-to-Digital Converter. According to the measurements of the CCD camera, the double phase distributions on the two regions of the POLC-SLM were adjusted to generate a target beam profile, which made the experimental setup to be a feedback control system for adaptive far-field beam shaping. As the quality of the output beam is highly sensitive to the two phase distributions 1;k ðu; v Þ and ð; Þ written into the two regions of the POLC-SLM, the setup must be carefully aligned to a precision of only a few microns.
Results and Discussion
In the proposed adaptive far-field beam shaping technique, the holographic tandem iterative method based on GAA algorithm (HTM-GAA) [16] was used for better uniformity of a flattop beam. The adaptive beam shaping system, controlled by the holographic tandem iterative method based on GS algorithm (HTM-GS) or GAA algorithm, was tested by using an example of tailoring a central symmetric Gaussian beam into a 0.6 mm annular beam with flattop intensity profile and the results are given in Fig. 3 . As shown in Fig. 3(a) , the RMSE evolution obtained using the beam shaping system controlled by the HTM-GAA algorithm is lower than that obtained using the system controlled by the HTM-GS algorithm, which means that the shaping accuracy of the output beam created using the system controlled by the HTM-GAA algorithm is higher than that created using the system controlled by the HTM-GS algorithm. Fig. 3(c) shows the intensity profile of the output beam measured by CCD camera after 100 iterations of the adaptive far-field beam shaping system being controlled by the HTM-GS and HTM-GAA algorithm, and the advantage of the HTM-GAA scheme can be directly found from there. Both of the two schemes can achieve the desired flattop beam with a good edge steep as shown in Fig. 3(c) . As can be noticed in Fig. 3(b) , the DE evolution obtained by using the HTM-GAA scheme is close to that obtained by using the HTM-GS scheme. Therefore, it can be concluded that the proposed beam shaping system controlled by the HTM-GAA algorithm is capable of achieving better uniformity of the output beam with a good edge steep than do the methods in [18] and [19] , just sacrificing very little diffractive efficiency, which is in reasonable agreement with the simulation and prediction made in our previous work [16] .
To further verify the practical feasibility of the adaptive far-field beam shaping technique controlled by the HTM-GAA algorithm, an experiment of 1000 iterations of the system for the same 0.6 mm annular flattop beam shaping was conducted. Fig. 4 . gives the beam-shaping results for the annular flattop profile. The evolutions of the RMSE values and of the DE values are shown in Fig. 4(a) ; it can be seen from the two curves in Fig. 4(a) that the RMSE values and the DE values are gradually becoming flat after 200 iterations of the closed loop feedback system. The RMSE value fluctuates around 7.4% (maximal value is 7.7% and minimum value is 6.8%). And the DE value fluctuates around 56%, which is close to the maximum theoretical efficiency (66.3%) of the system. Fig. 4(b) and (c) show the results of the output beam measured by the CCD camera after 1000 iterations of the closed loop feedback system, Fig. 4(b) gives the measured intensity profiles, and Fig. 4(c) gives the 3-D view of the measured intensity profiles. Fig. 4 shows that the measured intensity profile of the annular flattop beam is in good agreement with the target beam after 1000 iteration (about 12 min).
The adaptive far-field beam shaping system, controlled by the HTM-GAA algorithm, has two optimal degrees of freedom and the amplitude and phase of the optical field outgoing from the SLM2 almost have no randomness. Therefore, the created beam in far-field nearly has no speckles, which guarantees better uniformity of the created beam (less than 10%). This could also explain that why the proposed holographic tandem method has better uniformity than these simpler methods (GS, GAA, GSW, AWFFT-IA, and MRAF methods). Nevertheless, the proposed holographic tandem method for adaptive far-field beam shaping also has disadvantages, such as careful adjustment and difficult alignment of a more complicated light path are needed.
Conclusion
In summary, a closed loop feedback system for adaptive far-field beam shaping, consisting of a spatial light modulator controlled by the holographic tandem method based on GAA algorithm, has been proposed and demonstrated. For achieving better uniformity of the shaped beam, the holographic tandem method based on the GAA algorithm is chosen to adaptively optimize the phase distributions, written into the two regions of the POLC-SLM, to create the expected flattop beam on focal plane, and the corresponding comparative experiments are conducted and have verified the validity of the method. The technique outlines a convenient far-field beam shaping scheme for applications involving laser fusion and laser precision machining. 
